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TITANIL'M/BERY LUUM LAMINATES: FABRICATION, MECHANICAL 
PROPERTIES, AND POTENTIAL AEROSPACE APPUCATIONS 

by C. C. Chamis aiid R. F. Lark 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 


Abstract 

The paper describes an investigation to assess the fabricability, 
mechanical properties, and possible aerospace applications of 
adhesively-bonded titanium/oerjilium Tiber laminates. The 
results of the investigation indicate that structural laminates can 
be made which have: a modulus of elasticity comparable to steel, 
fracture strength comparable to the yield strength of titanium, 
density comparable to aluminum, impact resistance comparable 
to titaniujn, and little or no notch sensitivity. These laminates 
can have stillness ajid weight advantages over other materials, 
including advanced fiber composites, in some aerospace applica- 
tions where buekling resistance, vibration frequencies, and 
weight considerations eontrol the design. 


1.0 I.NTROULCTIUN 

The advent of superhybrid composites 
containing both fiber composite and 
metallie plies (icfs. 1 and 2) has pro- 
vided thi‘ concept to design a class of 
structural materials with low density 
and balanced mechanical properties, 
especially notch insensitivity and im- 
part resistance. Another class of ma- 
terials which can provide desirable 
structural properties equal in all di- 
rections in the plane of the material 
while maintaining low density, is a 
laminate made b.t adhesively bonding 
titanium and beryllium plies. This 
type of laminate will oe referred to 
herein by the acronym 'Tiber" lami- 
nate for titanium/beryllium adhesively 


bonded composite laminates. The ob- 
jective of this investigation is to deter- 
mine the fabricability and mechanical 
properties of such laminates. 

The major driver for investigating 
Tiber laminates is that they prortde 
the potential for obtaining balanced 
mechanical properties, such as: 
strength, stiffness, impact resistance, 
and notch insensitivity (virtually iso- 
tropic in the plane of the lamuiate) with 
1 ight we ig ht ch ar acte r i st ic s . 

For this investigation, laminates were 
made by sandwiching the beryllium 
plies within the titaniimi plies. Speci- 
mens from these laminates were tested 
to generate stress-stram curves, im- 
pact resistance, notch sensitivity, and 
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flt'xural propt'ilifs. Spocimens wore 
tosti'd in lK>th tho ix>lhnt; diroction ot 
tiu' boryllium juul tilumum and S»o‘’ to 
tho n.)llin(t direction. Laminate analy- 
sis was used to calculate the mechani- 
cal lead and residual stivsses in the 
metallic ;uid udliesive plies, Kquations 
we IV derived which can be used to pre- 
dict the iracturc stresses oi Tiber hun- 
inates. Finally, structural analyses, 
mcluduii; iiiute element anahses, were 
perlormed to assess the smtabilit.N ol 
usuit; these laminates in selecteii aeii>- 
sptice applications. 

2 . (• i:Xl’F lll.M F NT.\ L FHOtl lU.M 
.\M) lU-iSl l.TS 

In the lollowmi; .section the \ arums 
t>pes of Tiber Luninates (aiUiesivelx- 
bonded lubrui metallic laminates) in- 
vestigated ami results i<btaineil are dis- 
cussed. 

2.1 aiNSlTTTF.M M.\ I FIUA LS 

Thri'e Tiber laminates i*ontaimng dit- 
terent percentages ol titiumim ami 
beiy Ilium were tabricati’d. The t\pes 
ol liuninates, their la\-up patterns ;uul 
ci'inposittims an' listi’il :uul shown sclu'- 
nuaicidly in ligure 1. I'he plusical ;uul 
nu'clKuucal propi’ilU'^ ot tlu' eonstitiu'nt 
plj materials are siiinmari/vil in ta- 
ble 1. 

2.2 lAMl.NATF 1 AHim'ATU'N 

T\ pe 1 . Four plies I'f 0.0 ILt- inch thick 
titiuiiiim (O.M-IV) sheet, in the as- 
rolled condition, along with three plies 
ot 0.0220- inch thick unalUwed ber>l- 
lium wi’re ailhesi\cl\ Innuled using lUi 
0. 00;ia-inch thick n.\ Ion epo.w mlliesive 
film (FM-lOiiO). lU'lore bomling, each 
tiliuiiiim pl.\ was treated with a a- 
peri'ent h\ dii’lluoric acid solution lor 
;10 secomis at room lempi'i alure. This 


was followed by u water and methyl al- 
cohol rinse and then by di-^ ing. The 
iH'i'yllium plies were treated by the 
Grunt & Kumper Co. using a pivpri- 
etary etching process. The metallic 
and adlicsive plies were assembled in a 
metal mold and intivdueed in a hydrau- 
lic press healed to 350^ F, For the 
bonding operation, a pressure oftiUOpsi, 
a temperature of 350^’ F, and a tune of 
2 hours were used to cuiv the luihesive. 

Type 11 . Six plies of 0. 0113-inch thick 
tilumum .sheet along with two plies of 
0,0220-inch thick bei-> Ilium sheet were 
lulhesively bonded in accoruance with 
the procedure described for the Type 1 
liumnate. 

l'\ pe 111 . Fight plies of iM'113-iiich 
thick titiuiium sheet idong with two plies 
of 0.0220-inch thick beryllium sheet 
were adhesively bonded in accordance 
w ilh the pivccilure described tor the 
T\\ic 1 laminate. 

The metallic plies were cut from roll 
(tiliuuunu luui flat sheet (ber\ Ilium) 
sti'ck. .Alter completion of the 2-hour 
cure cxcles, the press healers were 
turned off and the buniniiles were per- 
mitted to cool under pressure to room 
ti'inperaturi’ T>|>ical cross sections 
v>l the ITber laminates are shown m the 
piu>tomicii>graj>hs i>f figure 2. The ma- 
terials ami relatixe thicknesses I'l the 
\ lies are al.so imlieated in this figure. 

2.3 SPKCIMKN IMIFFAILVITON. 
INSITUMFM A rit'N. AND 
T1 Sr IMlttCF.Dl’HFS 

I'he three types ot Tiber laminates 
ranging in thicknes.ses from 0. Ill lo 
0, 113- inch were cut into O.nOO-inch 
wiile .specimens using a precision cut- 
ting nuu'hme equipped with a diamond 


c'uttlni; whi'ol. A spocinu'n lay-out plan 
18 8lui\vn in li^uro J. 

To doU'rnuiu’ tiu' notch scnsitivUv ol 
the laminates, throutih-the-thickness 
center slots were cut uito the specimens 
b\ usinn electrical discharge machining. 
Two sU>t lengths, 0.10 and 0. 10 inch, 
were used lor the Type I and 11 huni- 
nutes, suigle slot length, O.H> inch, 
was used lor the Type 111 laminate. 

The ends ol the smooth ajid notch ten- 
sile specimens were reinlorced with 
alunumtin (OOtil-T(i) tabs adliesivel\ - 
iK'iuli'd to the spceinu'ii surlaces. Tlie 
tubs were bonded to the specimens b\ 
using the s:une in lon-epo.w adliesne 
used to bond together the plies in tlie 
Tiber Uuniiuites. 

The smooth ami notch tensile specimens 
were instrumented with strain gages. 
Details ol the tvpes ;uul locations ol the 
strain gages along with specimen dunen- 
sions are shown m ligure 1 .As c;ui be 
seen, the rolling direction specimens 
have onh 0. j-inch long lest sections. 
The end ellects are expected to be mini- 
mal because the Tiber huninatc >peci- 
mens have tapi'red aluminum end tabs 
which are uiUiesneh bonded to the 
>pecimen. Doth ol these minimize the 
I’i>issi'n ellect which wiuild produce u 
triuisverse stress near the end ol the 
test scctionolthe specimen. 

J.4 1U;SI LTS 

Densiti . I’rccision-cul, rectiuigular 
specimens were prepared Irom each 
laminate and wi re measured ii'f dimen- 
sions and weight to determine the lami- 
nate densities. 

I'he measured densities ol the laminates 
Icsted arc given in the iir.st column ol 
talde 12. .Note that the density of the 


Type I Tiber laminate is approximately 
the same as the density of alummum 
(0. 10 lb/tn‘S. 

Smooth Tensile Tests . The smooth 
(and notch tensile) specimens were 
loaded to failure using a mechanically 
actuated universal testing machine. 

Loading of all specimens was halted at 
periodic intervals so that strain gage 
data could be obtained using a digital 
strain recorder. 

Table 1 summarizes the test data ob- 
tained for smooth tensile specimens 
nuule from the constituent ply materials. 

Tlu- table includes rolling direction (HD) 
and transverse direction (TD) fracture 
stress, strain, tensile inodulus and 
Poisson's ratio properties. The data 
for the titanium and beryllium sheet 
material were determined experimen- 
talh while the data for the adhesive was 
.supplied b\ the mamdacturer. .As can 
be seen, the rolling direction pivpcrties 
for the metals are a little higher than • 

the triuisverse pixipeities in almost all 
case^. 

Table 12 summarizes the test data ob- 
tained for smooth tensile specimens 
made fiom the three different Tiber 
laminates. The table includes roll di- 
rection and transverse fracture stress, 

.strain, tensile modulus, and Poisson's 
ratio propeities. As can lx* seen, the 
laminates exhibited a slight oithotro- 
picity (slightly different pixipeities be- 
tween the rolling and transverse direc- 
tions). The fracture stress of the 
Type I triuisverse laminate was lower 
than anticipated. This is believed to be 
due to possible uicomplete load transfer 
between the titanium and beryllium 
plies. The fracture stresses of the 
Type I and Type 11 laminates arc about 
the siune indicating that yield in the ti- 


taniun^ plies ma)- cunti'ol fracture. 

Note that Tiber laminates eon hav\* 
fracture stresses eumparable to the 
yield streni;th of tituniiun (*120 ksi) 
and can have moduli comparable to that 
of steel (30\10*’ psi). 

A comparison of the specific strength 
and modulus (property /density) values 
for the three Tiber laminates, consti- 
tuent and other materials is shown in 
table 3. As ean be seen, the Tibt'r 
lommates have speeiiie strengths on 
the order of their constituent materials 
and gi'cater than two times that of alum- 
inum. The speeiiie modulus of the 
Tiber lominuges ranges fiinn about two 
to three times that of titanium or alum- 
inum. The specific im()uet strength 
values shown in this table will be dis- 
cussed in a later section. 

Typical stress- strain plots ior the 
smooth tensile specimens made from 
the constituent materials and the three 
t;, pes of Tiber lamimUes are shown in 
figure 5(a) to (c). In each ease the 
specimens were oriented parallel to the 
rolling direction. Note that the stress- 
strain plots lor the three Tiber Uuni- 
nates show indications of (irogressive 
constituent ply iailure. This was con- 
firmed by examination of the te.sted 
specimens. The stress-strain curve of 
Tilx'r laminate Type 1 is bilinear while 
those of Type 11 luul 111 are trilinear. 

The signifieiuiee of this will be dis- 
cussed in the section entitletl I'llKD- 
HKTICAL PKCKilUM. 

Notch Tensile Tests . The notch tensile 
strength te.st data obtained from the 
slotted specimens are summari/ed in 
table 1. Two slot lengths wen- evalu- 
ated for the Type 1 and II huninates luul 
one slot length for the l'\pe 111 huiii- 


natc. Note that the notch effects arc 
relatively small as shown by the ver)' 
high values of the ratio of the net sec- 
tion notched fracture stress to the un- 
notched fracture stress fur the three 
types of Tiber laminates. Note also 
that the correspunduig ratios for the 
fracture strains show considerable 
notch sensitivity for the Type 1 and 11 
laminates. This indicates that notch 
sensitivity assessment based on strain 
measurements may lead to incori'ect 
conclusions. 

Fle.xural Te.sts . Specimens having a 
length of 3 inches were tested for flex- 
ural strength in a mechanically actuated 
universal testing machine. three- 
|K)int loading sy.stem was usial with a 
.span of 2 inches. 

The test ilata obtaineil by subjecting test 
.specimens (rolling direction only) to 
three-point flexural loading are summa- 
rized in table 5. The fle.xural strength 
values for the three Tiber laminati's are 
similar, indicating that yield in the ti- 
liuiium plies may control fracture as 
was previously mentioncil for the smooth 
tensile specimens. Note that the fle.x- 
ural fracture .stress of the Tiber lami- 
nates is about 25 (jercent greater tluui 
the ultimate .strength of titanium (about 
lliO ksi). 

Izml Impact Te.sts . I’nnotcheii speci- 
mens, having a eiuitilevered length of 
1.25 inches, were siibiecteil to Izod im- 
pact .strength te.sts using an impact 
te.stei equi|)ped with a ;tO-pt)inul hammer. 
The velocity of the hiunmer was a|)pn>.x- 
imately 10 ft, .sec. 

Data obtained b\ subjecting unnotehed 
Tiber Uuniiiate .s|>ecimens to Izoil impact 
ilata were normalizeil with respect to the 
cross sectional area ol the .specimens. 
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As oxpfctod, the Typt* 111 lamiimtf, 
which has the hitthest titanium cuntunt, 
exhibited the Ii4>hest impact streimth. 

A sli(;ht effect of specimen urientutiun 
on impact strength is shown for ull 
three laminates. A comparison of the 
specific Izod impact strength for the 
three Tiber laminates and their consti- 
tuent materials is shown in column 4 of 
table 3. As con be seen, Tiber lami- 
nates cuii be made which have specilic 
l/od impact strengths ranging from that 
of the aluminum to approaching that of 
titoniiun. 

Examination of Tested Speelmens . 
Figure I* show s a view of the tested 
constituent :uid Tiber laminate speci- 
mens. Viitually all the tensile speci- 
mens failed in the test section. Con- 
siderable deloininotion was noted lor 
the l/.od impact mid ilcMiral .strength 
siK'cimens for all three Tiber lami- 
nates. 


and fracture by progressive ply 
failure. 

3.0 THEORETICAL PllDGllAM 

The theoretical methods used and results 
obtained for calculation of laminate den- 
sity, elastic propeities, plate-type stiff- 
nesses, lamination residual stresses, 
and fracture stresses aix* described in 
this section, 

3. 1 DENSITY AND ELASTIC 
PROPERTIES 

Imninatc luialy.sis was used to assess 
the applicability of linear lamuiate theory 
to Tiber laminates. For this pui*pose, 
the huninate analysis available in the 
Multilayer Fiber Composite .-Vnalysis 
Computer Code (ref. 3) was used. The 
inputs lor the iuialysis of the Tiber lami- 
nates consisted of the ply constituent 
propeily data and thickness d^le 7) 

;uid the ply arnuigement (fig. 1). 


Examination of the failed s(>eeimens 
mid review of the experiniental results 
lead to the follow ing eonelusions: 

(1) Tiber Imninati’s emi be labri- 
eati'd using adhesive boiuling. 

(3) Tiber Imiiinates emi be made 
which have tensile st lengths 
comparable to the \ leld .strength 
ol titanium, moduli comparable 
to steel, ilensities eoni|iar:J)le 
to aluniimnii, l/oil impact re- 
si.stmiee comparable to titmii- 
uni, mill have fli'xural .strengths 
which are greater than the ulti- 
mate tensile .strength of tita- 
nium. 

(3) Tiber Imnmates are iiol noteh- 


The output of the computer code consists 
of the following: 

(li Com(H)site density (p) 

(3) Duigitudinal mid trmisverse 
moduli (E^ mid E.,) luid shear 
modulus (G^.,) 

(3) Major and minor Pois.son's 
ratios (I’j., mid i'.,j) 

(li Plate bending .stUfnes.ses 

Dj.,, D.,.,, mid D.j.j), a measure 
of the structural re.sponse of the 
hull mate. 

The lle.xural longitudinal mid trmisverse 
moduli are obtained from the plate bend- 
ing .stiffnes.ses using the following equa- 
tions: 


.sensitive. 

( I) The> exhibit bilinear or tri- 
Imear .stres.s-strain curves de- 
pending on the relative propor- 
tion of titaiimm mid beryllium. 


E,,i ( 1 ) 

K,,.,. 13(l),. - t:2) 
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whore E donutos modulus; the sub- 
script F flexural, L longitudinal, and 
T transverse; the D's denote plate 
bending stiffnesses, with the subscript 

1 taken along the rolling direction and 

2 transverse to it; and t denotes the 
laminate thickness. 

The results of the laminate analysis 
are summarized in table b. Flexural 
minJuli predicted by equations (1) aj>d 
(2) are also presented in the table. 
Corresponding values for titanium mid 
beiy llium are included for comparison 
pui’poses. As can be seen from these 
data, Tiber laminates can bc‘ designed 
with torsional stillness comparable to 
that of titanium. 

3.2 LAMINATION RESIDI’AL 
STIIESSES 

Lamination residual stresses are in- 
duced in the constituent material layers 
because of: 

(1) Mismatch of the thermal coef- 
ficient of expansions 

(2) The difference between the cure 
and u.se temperatures (about 

F at room temperature) 

The lamination residual stresses were 
computed using the laminate analysis 
described in reference 1. The results 
are summarized in table 9. 

Comparing lamination residual stresses 
from table 9 with corresponding frac- 
ture or yield stresses in table 7, it is 
seen that the lamination residual 
stresses are relatively low for the 
metals. Those in the adliesive are 
about 50 percent of its fracture stress. 
However, the adliesive has relativeiy 
low stiffness compared to the other con- 
stituents. Therefore, the Tiber lami- 
nate can be subjected to considerable 
mechanical load without concern for 


adhesivc failure as will be described 
later. 

3.3 PLY STRt:SS INFLUENCE 
COEFFICIENTS 

Ply stress influence coefficients (PSIC) 
are useful in assessing the load sharing 
and fracture of each ply in the Tiber 
laminates. These coefficients are de- 
fined as the ratio of the ply stress to 
temperature difference for residual 
stress and as the ratio of the ply stress 
to the composite stress for mechanical 
load stress. They are determining using 
linear laminate theor)' to analyze the 
Tiber laminates when subjected to unit 
temperature or to unit stress conditions 
separately. 

The PSIC of interest in this investigation 
are summarized in table 10. The type 
of Tiber laminates and the load condition 
are shown in the ieft column. The points 
to be noted in table 10 are: (1) the stress 
in the beryllium plies is about 2.5 tunes 
that in the titanium plies; (2) the stress- 
es in the adhesive plies due to mechani- 
cal load are negligible comoared to thost» 
in the titanium plies (about 1 percent); 
and (3) the lamination ply residual 
stresses are aiiproximately the same for 
all three Tiber laminates. 

.\n important conclusion from the rela- 
tive values of the PSIC is that fracture 
in the Tiber laminates will occur first 
in the beryllium plies since thei'e plies 
load at a much higher rate than the tita- 
nium plies (about 2.5 times) and since 
the tensile fracture stress of beryllium 
is about (iO ksi compared to 140 ksi for 
the yield .stress of titanium (table 7). 

3.4 PLY FIUCTITU-: STIU:SSES 

Ply fracture stresses were computed 
using linear laminate theoiy and assum- 


ini; linear streaa- strain behuviur to 
fracture. Although this assumption is 
not consistent with measured data, the 
eomputed ply stresses ean pmvide in- 
si|;ht to the Tiber laminate failure 
modes. The ply stresses obtained 
from thest* eomputations are summu- 
rl/ed in table 11. In this table the 
source of the stress is identified in the 
left column. Note thiU the wmbined 
case is the ainebraic sum of the resid- 
ual stress plus the laminate mechanical 
stress at fracture. 

The interestini; points to be noted fivm 
the ply stresses in table 11 are: 

(1) The maximum predicted frac- 
ture stresses in the iK'ryllium 
plies for the combin.'d case 
rani;e fn»m 15i> to ;121 percent 
of the corresiHUidmn fracture 
stress of beryllium ^bottom of 
table). 

(2) The nuLximum predicted frac- 
ture stresses in the titiuiium 
plies for the combined case 
runi;e from 2ti ti> tUl percent ot 
the s ielil stress ot the titiumun. 

(d) rhe maximum pri'dicteil frae- 
ture stresses in the adhesive 
plies for the eombiiu'd case 
raii|;e Irom 51 ti* i>t» pi'reenl ot 
the ailhesive tensile fracture 
.stress. 

The comparisons iiulicate tluit: (1) the 
ber> Ilium plies probably fracture first 
when the tensile .stress in the.se plies 
exceeds the tensile fracture stress of 
the beryllium: (2) the titanium plies 
fail either b\ yieldini; i*r ultimate ten- 
sile instabitii> , and pt) the stresses in 
the aiUiesive are relatively U»w and the> 
are not likel> to initiate bunmate fail- 
ure by dehun illation, because the 
ber> Ilium plies will fracture consider- 
al)l> earlier thiui the titiuiium plies. 


the streHs-struin curve to fracture of 
Tiber laminates will tend to be at least 
bilinear us noted previously. 

d . 5 V HACT I' lU: ST RKSS (ST lU: NOTH ) 
OF TIBKU LAMINATES 

The fracture stress (strt'ni;th) of Tiber 
laminates is predicted herein usini; the 
followini; equations. 

Lower bound fracture stress 


^CLU ‘^CUF *' ■ ‘^TbF^ ^ ‘'tK 

I'pper bound fracture stress 


®Cl'b ^ 

‘^CbF ^ *^r<^TF ■ ‘^TbF^ 

fl) 

where 




‘^CbF “ 

fo) 


‘^I'bF Vuf'tic 



The notation in equations (d) to ((>) is us 
fi>llows: S^, ilenotes liuninate fracture 
.stress (.strenuth) where the subscripts 
IJt ;uul I’b denote lower and upper 
IkuiiuI, respectively; denotes the 

stress in the laminate when the beryl- 
lium plies fracture; k,j. denotes the ti- 
tiuiium w'liime ratio; S.j,y is the tita- 
nium yield streii|;th; i*< the stress 

in the titiuiium plies when the beryllium 
plies fracture; is the residual 

.stress in the titiuiium plies prior to 
yield; is the titanium fracture 

(ultmiiite) stress; ipj.- is the tensile 
fracture .strain of be r>- Ilium; E^^. is the 
composite initial modulus; and I jq^' 
ilenotes the titiuiium ply stress influence 
coeffieienl. Measured values for 
luid /. nj,. are niven in table I, for 
in table 7, for m table *.», for 

in table 10. and for E^^, in table S. 
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Another set of bounds on the Tibt*r 
lantinate fractuit* stn»ss is predicted 
by ussuinint; that only the titanium plies 
carry all the load. The equations for 
these bounds are >*iven by 

Lower bound frai*ture stress 

l’ppt*r bound fracture stress 

where the symbols used in equations 
(7) and (S) have already been defiiu‘d. 
Since the contribution of the beryllium 
plies is nenleeled in equations (7) luul 
(S), these equations predict lower val- 
ues than the correspondiiq; iKuinds pre- 
dicted by equations (It) and (4i. Stress 
lx)unds predicted b\ equations (7) ;uul 
(S) are the lowe.sl luUieipated for the 
Tilx'r laminate. These low traelure 
.stresses will pinbably Ik* prevalent in 
Tiber laminates with incomplete load 
triuisfer between titanium :uul ben l- 
lium plies. 

The Iraclure stress bouiuls predicted 
by equations (4), (7), luul (.s) are 
summari/ed in talde 12 lor the three 
Tiber laminates. The .spread in tlu' 
stress bounds set predieteil b\ equa- 
tions (:i) imd pJ) between 

alMHit t» and 12 perei-nt (relative to the 
lower iHHiml). The spread m thi' .set 
predicted by equations (7) luui (S) is 
about S to 25 pi'reent. The spreail be- 
tween the twai sets of iKuinds is about 
14 juul 1)5 percent. rilH*r laminates 
with 40-pereent titanium (T\pe 1) have 
the laii;e.st spreail In'tween the two sets 
of bounds (l>5 pereentl while those w ith 
U;l-pereenl tittuiium (r>|>e 111) have the 
smallest (14 percent). 

The interestlii); (Hunts to be noted Irom 


the frai'ture stress bounds in table 12 
and the above discussion arc: 

(1) The stress bounds withbi each 
sc’t arc close, ti to 12 percent 
and 8 to 25 percent. This im- 
plies that cither set would pre- 
dict reasonable fracture stresses 
for the Tiber laminate. The si't 
to be used would depend on the 
eom(K)sition of the particular 
Tiber liuninate. 

(2) The .stre.'igth uptK*r bounds for 
the two sets differ by less than 
14 percent for the Tiber laminate 
with l»3-()ercent titanium (Type 
111). This uuplies that fracture 
of Tiber liuninates w ith HO (ler- 
eent titoniiun or (tivater is con- 
trolled (U'unarily by the fracture 
of the titanium plies as would be 
intuitively luitieipated. 

It is recommended that the fracture 
.s-tresses predicted by equation (3) be 
used ti> (iredict failure in Tiber lami- 
nates. This equation is the most rea- 
.sonable to u.se because it is consistent 
w ith *he "liu.iinate action" assumption 
and satisfies all the linear laminate 
theory assum)>tions up io the fracture 
of the beryllium plies. Fracture 
stresses (iredicted by the other I'qua- 
tions ((14), (7), and (S)) max Ik* u.sed to 
interpret e\)H'rimental results iuid iden- 
tif\ (Hissible pitfalls. Friulure .stresses 
predicted by equation (.3) will be used 
for the comparisons to Ih' descrilx’d 
later in this report. 

Ni' attem|it was made to determine 
stress intensity factors for the notched 
Tiber liuninates. Since '''iber laminates 
e.\l)ibiti'd little or no notch sensitivity, 
the linear-elastie, shar(i-erack charac- 
teristics ot the stress field at fraeturi' 
are not releviuit to the fracture (iioeess 
ot TilH'i' liuninates. 


J.O COMJ'AIUSONS OF MFASI'1U:U 
AM) IMIKDKTKI) 
MKCIIAMCAL PKOPKHTIKS 

Ct'iupurittoiiH of iiu'usuml tuul piviilotod 
pivpoitics of TiIkt Uuninutfs aiv mim- 
muri/i'ii In lablo 13 for inoilulut*, Pois- 
rulio, frui’tuiv stivus (slivnj;th) 
iuui ilrnslty. As ojui bo soon fnuii Ibo 
porooiU dilfoivnoos in tliis lidilo, tlu* 
pt'odioud valuos aro within Id poivont 
of tlv nioasuivd iiata tor niodiiliis, 

11 piioont fi*r Poisson's ratio (oxoi’pt 
T\p« I ’•oiling dirootiont, a poroont for 
fraoturo stron>;lh p'xoopt Tvpo I triuis- 
vorsi dirootion), iUui w ithin J poivont 
li>r di nsit\ . Sill'll olosi> anrooiuont bo- 
two n iiioasiirod and prodiotod data is 
oi'iisiiioroil ti> lu* i'xtronu‘l> ^ooii. Tlu* 
lar);o ddforoiu'os lor llio Piusson's 
ratio li»r I n pi' I. w ith tho rolling diroo- 
lion, iuid for tho fraoturo stross T\po I, 
transvorsi' diroi'tion, I'oiild bo oaiisod 
by inooinploto loaii tnuislor lu'twoon tho 
titiumini tuul bor>lluni' plios if inooni- 
ploto Umdin^ isprosont. VppinxinKUo- 
ly ono-h;dl oi tho inoasui'i'i. traouiro 
strossos aro hinhor than tho li'wor 
IhuiiuI valuos prodiotod b\ o(|iialion ps| 
(tablo 13) and ono-hall lowor. 

rito ^iH>ii a^rooinont i>btainoil U'twooii 
inoasuroil aiul produtod data loads to 
tho following; oonolusions; 

(1) lanoai laniinalo Ihoory prodiols 
aoouratoly tho initial moduli 
and Poisson's ratios ot filu'i' 
liuiiinatos. 

|3) I'ho traotui'o stross ^stion^th) 
ot I'iIh'I' liuninatos is adoquato- 
l\ prodiotod b\ oi|ualion pt) 
whioh IS basoil on tho hypotho- 
sis that tho borylliuni plio.-. 
ti'uoturo lu st lollowodby y lold 
ot tho littuiium plios. I'histNpo 
ot Irai'lui'o si'ijuoiu'o will otiusi' 

‘I 


at loast a biliiiour stross- strain 
oiirvx* of Tibor laminatos. 

(3) Tho fabrioatlon of tho TilH'i' 
liuninatos was of suffioiontly 
ttiHui quality that tho oonstituonts 
in tho Tibor liuninatos rosiHUidod 
as prodiotod by laminato thiH»ry 
whioh assiinios poi-foot bonding; 
iH'twoon ixmstituoiits, 

Tho fraoluiv of tho borylliuni plios vJI 
proiluoo tho first knoo on tho stross- 
strain oiirvo. I'ho subsoquont yiold luul 
fraotuiv of tho titanium plios will pi\>- 
duoo ono or nioro additionid knoos. For 
tho liuninatos lostod horoin, tho first 
knoo w ill ooour at aUmt 11 ksi for Tibor 
liuninato (Typo I), alxnit 3-1 ksi for 'Typo 
II, luul alH>ut 33 ksi for Typo III. Tho 
oorros(H>ndinn a|i|Mvximato valuos fivin 
tho slross-slrain ourvos in fi)turo a aro 
alv'ut la ksi tor ’Ty)u* I. alnnit 35 ksi for 
Typo II, iuui alktut 3(i ksi for Typo 111. 
t’omiKirinn I'oi'i'o.spoiulin^ valuos it is 
.si*on that tho at;ioomoiil botwoon pro- 
ilii'tod and moasui'od data for tho oom- 
(H'sUo stross to oau.so tho fi-sl knoo m 
tho stross-slram diiif;ram is within 
i! I'oi'i'ont . 

Tho IhuiiuIs prodiotod by oquations p!) 

:uul (1) may also Ih' usod in tho follow iii|; 
way . Th'* tirst knoo m tho sti'os.s-slram 
oui'\o will I'l'our at a I'omposito stross 
|ii'odiotod by oquation (a). Tho soooiul 
knoo will oo''ur at a oomposito stross 
|ti'oiiiotod by tho lowor bound oquation 
pi). Final Iraoluro may ooi'ur oithor at 
tho si'i'i'iul kiu’i* (stross prodii'ti'd by 
oq. (3)) or at a laminato stross inodiol- 
od by (ho u|ipor 1h>uiuI oquation (-1). 
i'liookiti);, tor oxamplo, tho stross strain 
ourvo tor TiIh'I' liuninato Typo II it is 
soon that tho soooiul knoo ooours at a 
stross ot alunit ‘.ID ksi and traoturo at 
IDt ksi. Tho ooi'i'os|H>ndmi; stross 



Uniiui viiUu's |iivilu*U*tl In ('qiiations (M) 
luui tixnn liililr i:! (Ixpi' ID aiv iD 
;uui li';i ksi, rrs|iin i iM‘l\ , w hu ll an* 
alnunst uU'iitu'al with llu* iiu'asuivii 
ilata. 

Thr iHMU'liisuMi lixMii thr alnuf disi-iis- 
aioii ih Dial lilt* kltlU'U'iil kiuvs iii Du- 
st ivss- strain vurvi’s k'l I’lluT laiiiiiiatt's 
luui linal Irai-ttiiv an- pivilu-lkilili* usiii^ 
Du- i-k|uatunis lU-riu-il lu-ii-in. Aiunlu-r 
i-iMU-lusuMi is that tin- IrarUin- stivss 
pri-ilu-ti'il h> I’liu.UiiMi p’>), as !«-i-k>iii- 
iiu-iiili-il pri-x u'ush , usuallx slum M In- 
k'll tlik- k-k'iisk-r\al i\k- sulk- siiikk It Is 
liask'kl k'li Du- \ ik-lki sti'k-ii(;tli k<l iitaiiiui'i 
iiistk-akl k'l Us trakiuik- Mik-ss. 

r».o AssrssMi N T i'i- riiD u 
I.XMINA I KS rn|{ I SK IN 

s r lun r u \ i I’l i\ '.\i • vrs 

riu- ri-lati\i-l> liif;li stiDiu-^sk'l I'll'k-r 
laiiunatk-s ;uikl tiu'ir rk-lati\k-|\ h-w kik-ii- 
sU\ kk'iiipark-kl lk« k-k'ii\k-iilik'iial im-ials 
iiiaki-s tiu-iii ^k'k'kl k-.uululalk-s U<i k k'iii- 
pi k-sMk'ii iiik-iiil'k-i" in au k i all aiul 
spak-i- stnu-UMk-s. Nk'i mall, k-ki I'lik klmu 
sti k-ssk-s tk'i l\\k> st nik tiii .il I i-mpk'iu-iil s. 
a siiiiplx siippk<tlk-kl pl.Uk- aiikl .1 siiiiplx 
siippkMl-.-»i k X liiuli ik .il ‘-lu ll, ki-nipiilk kl 
bask-kl k'li Du- lliik k- I'llu r l.iniin.ilk-s, 

Ik'iir iinulii k-ktu’ii.il kk'inpk'siti >. .iiui 
tlm-k- nik'lals an- sinnniai i. i il in t.i- 
I'lk- 1 I li'i' k'k'iiip.n isk'ii piupk'->k—. \s 
i-an I'k- .M-k-n in taliU- 1 1 llu- .u* l i 
.»U Dk- l il'k-r l.unin.iii pl.iti' li.is hi^lu-r 
iik'nii.ilt. k-kl I'lu-khiii; >tivssk--> than 
k-illu-r thk- I'k'ik'ii k iH’w j.il'k'iil IJ pk i- 
k-t-nl lunlu-rl platk- k>i llu Diik-k- im-ial 
plal--s ^.ll«k'lll M' pk-i k k-nl lui-.hk i 1 I'lit 
k'lilx »>7 pi-i kk-iit I't Du- D .il. l lu- ki'i - 
n-spk'iikliiip. i xliiikli u .il •'hk-ll li.is ,i iu>r 
niali/k-kl I'lik-klinu si i k-.'is w liu-li is 
IJ pi-ikk-nl hi^tlu-i th.iii D M. .ippik<\i- 
niatk-lx li>i> pi-ikk-nl uf‘‘al‘ > Dia'i tlu- 
ik-sai iii.it i i\ kk'iiipk'siik ■ . aiiki .il'i'iii 


IhO pt-i i-k-nl hiuh»-r than Du- k-k'iivx-ntu'iial 
iiit-tals. riu- i-x'iu-liisik'ii lix'iii tlu-.M- 
i-k'iiipari.sk'iis is th;U i-t’mpivssuMi k-k'm- 
|H«iu-iits iiuuh- tn'iii I'llH-r lainiiiati-s haw 
siipt-rik'f iik'niialui-kl Inu-kliii); n-sistiuix-i- 
cx'iiiparx'kl to i-ithi-r ailviuu-i-kl x-k'm|H*siti-s 
k'l' k'k'nxi-ntu'iial nu-tals. 

Aiu'tlu-r pk'tk-ntial ust- k»t TilH-r liuiiinati* 
is Ik'r tiui I'lakU's tk'i' ik-t k-n(-iiu-s. l-'iiiiti- 
k-lk-nii-nt n-sults 'hk'xvi-kl that I'llH-r liuiii- 
nati- I'lakli-s xxk'ulkl liaxi- lu^tlu-r 1 1 i-i|iu-ii- 
k-ii-s aiul Ik'xxk-i lip kli.stk'ilu'iis I'liipan-il 
Ik' ihi'si- iiiakik- lix'iii n-sin matrix ki'iii- 

JH*Sltk-S ll’k-t. .’ll. 

riu- khsa>lx antaux-s k'l ilu-sk- txpx-s k't 
laniiii.itk-s tk>r .->1 riu t ii i al .ipplu-atu'ii.-' 
iiik liiklk- till- I'l ittli-m-ss, ami hii;h i-i'st I't 
llu- I't-rx lliiini as xxi-Il as llu- lal'i ik aiu'ii 
ililt ik iill ii-s ih.it arisi- in’iii ti'\u-it\ aiul 
I'l iltlk-iii-ss k-k'iisikii-r.ilu'iis. riu- ailxiui- 
l.if-.i-s k'l llu- nii-k h.iiiikal pivpi-il u-s nu-ii- 
lik'iu-il pn-x ii'uslx iii-i-il I'l- irakii-il-i'il 
auaaist tlu-M- liis.ulx antaj-,i-s li' ili-ti-riiiiiu- 
tlii- nu'sl i-lli-k-tixi-iu-ss k't I'll'i-r l.uiii- 
nalk-'- in spi k ilu- applii .it ions. 

i-.t' uri'i’MMrM>.\ru'.\s ri'u 
11 HI 111 K sri Dirs 

l lu'iiuli thk- i k-siill .N k'l llu- inxi'st ij;al ik'ii 
rk p»'rli-ki hk-ri-ni kli-nu'iifl r.itk- llu- pi'li-ii- 
ti.il ot 1 it'k-r l.iiii 111 . Uk-.'. in kk-rl.iin .u-n'- 
-•p.iii- •'triii-tiir.il applii-atu'iis, >k-xi-ral 
a>pi kls ii-niain 1.' lu- inxi-.-.l i>;.ili kl. I'lii- 
li'lloxx iii(; ai k- sk'tiik- k'l llu- nik'ii- sij;nili- 
i-aill k'lli's; 

ill Iki-siMaiii-k- k'l riK-i l.uiiiiiali-s 
tk' thi-riiial aiul tm-k-haiiik-al U'ail 
t.it luiii- 

iJi I'll'k-r l.uii inati-s I'l'iuli-il xxiih 
pi'h nil-i ll .ullu-sixi " h.ix mu 
htuhk-i tk-iiii'i-ralii!-i- k‘.i|'al'ilitx 

l.loo'' ti' l>Ol>‘ I'l 

l.'l I'iIh-i lainin.tlk-s iii.uik- iisinu 

I ilhi-r ilitliisu'ii k'l I'r.i.k- U'liilinu 
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tur U'luporaturi' i-apabilily 
urcjilt'i' thiui F 

^•t) lU'tiititaiu-t.' ul' Tiber humiuilrt< 
to I’lretrolytle curn>t»ion due to 
the verj eiose proMimly dI dis- 
sbiiilar metals 

(5) lX‘ve lupine lit ui labrieutu.ni pro- 
eedureti tu ininlnuze possible 
toxicit) and eust disadviuitU);es 
(U) (.)ptinii/atuni studies ol seUited 
struetural euinponents sueh us 
plates or shells inaile Iroiii 
Tiber liuninates where eost, 
niiMinuiin thiekness, and weight 
are traded oU against stillness, 
streni;th, nuteS iiiseiisilu il> , 
and pivduet i|ua!it\ . 

The results Iroin these reeomineiuli'd 
studies tonether with Ihe u-sulls ile- 
seribed in the text should pri*\ule sulli- 
eient data lor e\aluatini; llie potential 
ol Tiber laminates as a struetural ma- 
terial tor speeilie appliealu'iis. 

7.0 C\>NC 1. 1 SU'.NS 

The eonelusions ot an invest ijtal ion to 
determine the labriealnlitj and ii> eval- 
uate the jKitential l»*r . .-e as struetural 
eomponents in aerospaii’ strueiuii’s ot 
Tiber laminates (titanium l»ei\ Ilium 
adhesivelv bonded laiuin.ites) are as 
lollow s: 

1. Tiber Uun mates ol ^ood ipialilv 
e;ui U’ labriealeil usin^; aiUie- 
sive bonding;. 

12. l iber buuinales ran Lh- made 
whieh have moduli e(|ual to that 
ol steel, tensile traeturi' stn-ss 
eomparable to the > lelil streiii;lh 
ot tiUuiium, Ilexural traeture 
.stress eomparable ti* the ulti- 
mate streni;t'ii ot ttlanium, and 
d‘'iisit> eomparable to alumi- 
num . 


It. Tiber laminates can be made 
which have specific Izv'd bupact 
stren^tth approaehint; that ol tita- 
nium. 

■1. Tiber laminates are not notch 
sensitive. 

3. Tiber laminates may exhibit 
bilinear or trilineur stress- 
strum behavior deiieiuUnt; on the 
relative propoitions of titanium 
and ber> Ilium. 

0. The mechanical properties ol 
Tiber lomiiuaes con be predicted 
within about 10 percent usint; 
lamiiuUe theorv luid the equations 
presented herein. 

7. Calculated normalized bueklint; 
.stress lor plates luid cylindrical 
shells based on Tiber laminate 
pix<pei1ies and nm maliz.ed with 
respect to ilensily are several 
times lho.se lor other advimeed 
liber composites or lor eonven- 
lional met;ds. 
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-. Cluunis, C. C., l.ark, ll. F., ;uul 
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Material," N.\S.\ TM .\-71s;tii (l*l73i. 

;i. Chiunis, C. C.. "Computer Code 
tor the .Xnal.vsis ol Multilavered 
FiIkm" Com|H)sites - I'ser's Miuuial," 
.N.X.'i.X TN l)-7oi;t (l‘»7l). 

I. Cluunis, C. C., "l.iuninalion 

llesidual Stresses in Multilavered 
1 iIh'!' Composites, " .N.X.'^.X TN 
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5. Chiums, C. C\, "Vil)i':UionChar- 
ai'U'ristU's Hi c\'m|u*silr l';ui Hlailns 
luid Ci'iupansHn with Mnasuri'il 
Data, "J. Airor. N (7 
(lsr77». 

tM> I’.KV.ltM’UlKS 

C. c*. ni \.\US 

Ur. Ch.um^ it> pii'.si'nlU with Uu' Slriu’- 
Uiivs Sortii'ii ot tlif NA.'iA- 1 • w IS \W- 
sfarrh C’l-ntrr, C’U'U'Uuu , i»hu< whvri' 
lu’ has btvn suu’t* il«- ivivixfii 

his ll.S. ui Ci\il Kii>;iiu t'riuf; »liniO| 
tri'in c'U’M’himl Sl.it f, M.^. aiul 

I h.l). (l‘.h>7| ir. Kiij;iiu-iM iui; Mi vh.inu s 
ri'iu t.*ar>i‘ \\ I'sti' rii Ui'siTVi' I iu\i’rsit_\ 
whiTi* hr was a imanlKT I'l thr I- ii>;i- 

lV\si>;ii I't'iili’i'. ill." k'ui t'i'Ml 

ri'.st>;uvh IS m ihi* aiva I't .mal\ su", 
ilfsij;n aiui i>|>Unu/.il ii'ii i>l hhiuik'mU 
.si rurtui”*' .•.'m|u>iiiMils. Ilf is al.M> iii- 
li. *.af .lll.lllMS .liul .IfMjltl I'l 
U'stin^ iiu'lhi'iis li>r avUiuui il vi>miu>>- 
itfs. Ili> fNiu i u'iuf in >liu.lui.«I 
libiT i\>Mi|K>silfs liaii's lui’s li' liniJ 
whfii lu' was with lli.- I nmiu'i i in^; 

.\nal\ sis tii'Hiip i»l D. I . liiHulru'h Uf- 
s» ai fh I'nitfi . Ill h.i-« .uillu'ii il 


luinu'nnis pa{ifrs in his I'urmit aivas 
i»t rfsi-aivh. Dr. t'luums is a nu'inlu'r 
Hi Ihf AIAA, .\Sl,K, .\SMK, .\.SIM, ;uui 
Si^ina .\i Ilf is a Ui ^i-stfivil Pi-hIVs- 
sihiulI Knmiifi’r in thr Stall* nt iMuo 

K. P. l-\llK 

.Mr. l.arl\ is assiniuil In Ihf SlriiiUiri’s 
SfitiHii, I'l'inpHsitfs ;uul St riii't u IV s 
Driuu'h Hi llu' .s.\S.\- I a'w IS Hi-.sfaiih 
I’mlfr, PlfVfhuul, Ohin whi-ri* hr has 
hfi’ii siiu’f liijs 111* iHi’fiM'il his D.S. 
in I'liHinual Knuiiu'i'rinn (IHM ln»m 
l*a.**f Insi iiulf Hi l i fhiiHlH^;) . Ilis rur- 
ivnt WHi k assi^innu'iit iiuhIu's thn i'I'h- 
ji i t iium.i^Hiui'nt Hi in-liHiisi- .uul ivn- 
ir.ut.ial piHmanis inr llu* liru’lHpnu'iU 
I'l I'l'inpi’siU' pri’ssiiiv iv.s.sfls :uul I'l'in- 
l>Hsili- ni.iti ri.ils iHt aii'i r.iit Hn^im' 
ivinpHiuMils. lUlu’i' H\pi‘rii'iui‘ infhiiii's 
UU’ ill-U-lHpnU'lU I’l [H'sHIM- I NpulsiHIl 
ili'NU’i’s, .iii\;uii'i'ii IiIh'I's, i'h S ills anil 
.ulli.-si\i s. Ill h.is Hi’tu ril'iiti'ii sijiml i- 
i-anth IH llu* ail\ .I'K-i’im nl in llu* .slali*- 
I'l-ihi'-.irt Hi I'l’inpHsilH pri'ssuii' vi'ssi'l 
iUiil jH'siliu’ i‘\piiIsiHn ti‘i'hnHlH|;\ anil 
.iil\ .uii'i'il iHinpHsUfs m jii'iii’ral. 


ORIGINAL PAGE B 
OP POOR QUAUTlfl 


TAULK 1. - l»m.)l*KHTlKSUF tXJNSTlTl KNT LAMINATE MATEIUALS 


Materials 

IX'iisity, 

lb/ln“ 


Propi'itles 

E' racture 
stress, ksi 

E’racture 
strain, ‘1[. 

M udulus 
in si 

Poisson's 
rat lo 

“lU) 

^D 

“lU) 

^lU 

“rd 

hu 

"llD 

"TD 

Titanium'' 

O.IW 

Hi2.-1 

15B.7 

S.Ol 

7.H2 

15.7 

10.2 

0.33 

0.32 

(liAI-** V) 










Be O Ilium'’ 

.Uli3 

U4.3 

5U.S 

.1(> 

.14 

42.2 

42.0 

.25 

.20 

Adhesive'^ 

. 012 

7.0 

N 

A 

o.2ti 

0. 40 

(FM-lOlKM 












'^Kolliiii; (Jlrt'ction. 

**Traiisvcrsi.' to i-olling Uiivolion. 
'■Measured (innierties. 

'^Properties Ironi adhesive supplier. 


TAHLK 2. - MKfllA.MfAl. IK.s (<K rillUl UVMINATES 


Titx-r 

laminate 

S IT , ’; Be 
In vidumc 

IX'iisitx 
lb, in’* 

Pro|iertie.s j 

Fracture 
slrciintli, k.'-i 

Fracture 
strain, T 

Modulus ol 
elasticili 

Pols.stni' s 
ratio 

"kd 

hu 

“lU) 

hi) 

"UD 

•^IT) 

"lU) 

‘*11) 

1 

40, 5' 

0. 1027 

‘13, Ml 

('7 . t» H» 

1 . SO 

2. 17 

20.5 

30.0 

0. 10 

0.25 

11 

55/30 

, lios 

104,00 

103.40 

I . !M< 

1.21 

24.0 

24.0 

.20 

.27 

111 

03/ 31 

. 1227 

111.07 

103. SS 

1.2.S 

.07 


24.5 

.20 

. 


‘‘UolliiiK direct ion. 

*’l rmiswrse to rolling; direction. 


TA1U.E d. - tXi.MI’AIUSU.N OK .SPECIFIC PHOPEKTIESOF 
TIHEH IA.MINATES WITH aiNSTITL'ENT AND 
OTHEH MATKlUAUS 


Mate rials 

SjK'cilic 
strcnj;tli" 
(lo" in.) 

Spec die 
modulus" 
tlO® in.) 

Specilic Izod 
impact streintth" 
(ft lb- m/lb) 

Tiber laminate 1 

0. 01 



Tiber laminate 11 

.00 



Tiber liuiiinatc III 

.03 

227 . 4 


'Titaiiiinii (0A1-4V) 

1 . 00 

00.3 


ller> Ilium 

1.02 

070.0 


.'Miiminuni 

(OOlil-Ttil 

.43 

102.0 

h40 


"bast'd oil rolling direction streii(;th and iiiodiiliis properties, 
*’rhcse viiliies lire fiiini rel. 1. 




























W' I’mjii ijL'AU n 


TABLE 4. - NOTCHED TENSILE DATA EOR TIBER LAMINATES 



Laminate^ 

I 

11 

III 


Notch length. 

in. 


0. 1005 

U, 

0.1 - 

0. 1045 

0.1651 

Gross section fracture stress, ksi 

54.04 

03. 3i) 

82.17 

63.00 

67.18 

Gross section fracture strain, % 

0.04 

0.21 

0.52 

0.31 

0.36 

Net section fracture stress, ksi 

07. S3 

35.1s 

103.00 

34.06 

100.37 

Net si-ction fracture strain, ’’u 

0.S5 

0.7'J 

0.30 

0.78 

1.13 

Gross section notched fracture 

O.SO 

0.34 

0.73 

0.61 

0.05 

^trcss/unnotched fracture stress 






Net section notched fracture 

1.00 

1.41 

1.00 

0.31 

0.37 

stress/ unnotched fracture stress 






(•ross section notched fracture 

0,20 

0.03 

0.43 

0.20 

0.37 

1 strain/ uimotched iracture strain 






i section notched fracture 

0.34 

0.32 

0.73 

0.64 

1.16 

strain/ uiuiotched Iracture stram 







“u>ad parallel to rolling direction. 
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i 

i 


I 

i 

I 
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TABU-: (i. - izol) I.MPACT 
stui:;ngtii oe Tiber laaunates 


TABIJiS. - Rt)LUNt. DIRECTION 
ELEXl Of\L ERACTL'RE STRESS 
OF TIBER UAMINATES 


‘‘impact strength normalized with 
respi'ct to cniss-sectlon area. 
‘‘Rolling direction. 

1 ransversc to rolluig tlirection. 
Specuneii dimensiona: (1.500 in. 
width by 2.50 in. length b\ thick- 
nesses ol o. 114, 0.124, and 
0.143 ui. lor laminates 1, H, and 
111, respectively . 


I.,uminale 

Fracture stress, ksi 

1 

135 . 3 

II 

2lM>.5 

111 

20.>>.0 


Laminate 

Izod impact strength," 
ft- lb/ in” 


*‘rd 

‘td 

‘‘l 

s4.o 

81.4 

“ll 

150.4 

127.7 

‘*111 

250.7 

218.0 


I 

I 





5'Jfc 
















TAHl.K 1*. - SI MMAin OF CX).MPl’ TFD lAMINATK'N 
KKSIDI Al, SHU-;SSFS 


I Trm|iorutiiri' i-huti);i', -;100^’ F.] 


Tiller 

laminulc 

Const it uciits, 
TTl.Mlc 

Kcstilual stresses, 10^ psi 

Titanium 

Ucrylliuin 

Adhesive 

“lU) 

'’id 

“llD 

'’td 

“lU) 

'’tu 

■ 

•10, 5s 

-a. 1 

-a. 1 




a. 5 

u 

05/ 3ti 


-2.S 

a. 4 



a.b 

Hi 

ti;i, ai 

-2.5 

-2.5 

IQ 

4.1 

;i.ii 



'*Kolluin dlrct-Uim. 

Trail SVC ISC iliivclinii. 


TAIJLK TO. - SIMMAUV OF l.NFU F.M. K aiFFFlClFNTS TXJU STia;SS 


TiIh'I' lanuniUc 



Stress, psl 



unit lead 

■Titanium 

He IS Ilium 

Adlu'sivi* 


“lUi 

'‘td 

“lU) 

b-TD 

“llD 

'‘td 

1 - 10 Ti 5V lie 







Thermal (1 F' 

11. a 

11. a 

-7. a 

-7. a 

-11.7 

-11.7 

“UD (1 psil 


. O.ts 

1. .ill 

-.027 

,00.s 

.001 

'‘i d (1 psii 


. 5-i 

-.oao 

i.ao 

. 002 

. 007 

U-55', Ti/ao lU- 







Thcimal |l” F 

o.aa 

It. l>7 

-11. a 

-11.7 

-12.0 

-12.0 

“lUi il psl) 

. *>'' 

.30 

1.77 

-.Ot.l 

.010 

.001 

'‘•TD (1 psi) 

. 0 Tt 

. !>l» 

-.OH" 

1.75 

.001 

.010 

m-ti.r, Ti al He 







Thermal (l“ F) 

s.aa 

s.aa 

-11. a 

-H.7 

-12.0 

-12.0 

’*IU) (1 psii 

.Ttt 

. (Kill 

l.s2 

-.075 

.010 

.001 

'■•TD (1 psi) 

.0-10 

.71 

-.Osl 

1.7U 

.001 

.010 


“HoIIiii^ ilircctiiin. 

^'T ran SVC rsc ih rcclinn . 
































)SOl 


t 

j 

i 

! 

1 


I 
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o 
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-i 

< 

i-i 
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X 

a. 

to 

X 

;> 

u 

«i» 

X 

Jj» 

> 

X 

a> 

€ 



9 


1 

is 

a 

H 

j 


§ 


Titamiuu 

Q 

H 

<M 5 n n M 

s rs •Hr. "H -H 

^ 1- 

9 

c rj Ji 

lO 1* ti -H ;3 -H 

-r ' c 1 - 

ll 

.3 — 

1 =: 
— 3 

^ a 

■= - 
H 

ii ^ a a ^ a a 

- • X /) i- X « 

'XX *3 .1^ -j ^ 

•0 Jl 13 ^ ^ 

H '*'. u -T -3 ^ “T rO 

•H r3 I-. ‘ 3 3 . -H ^ 

Ti 3 -H -H «H 

?9= ^9= tg= 


= 9 


'1 1 
i .- =■ 


•= % 

B ’jj X 

^ ^ i, 

H c ^ 

^ cs 

ifl r> 

^ ^ Ji 

« lO 

^:-p 

l» Q r* 
H ^ 
^ P § 

i* 3 — 

1 1 ?■ 

2 - ^ 


2 „• t5 
13 3 2 
■= S ^ 
S i S 

5fl ^ 
li s£ > 
•OCX 

ill 

?9 














ORIGINAL PA(?R IS 
OP PeX)R gUALil'Y 


TAULt; 13. - COMPAIUSCI.SS Ol' .MtASLKKU A.\U 1>1U;UICTED PWJI’ERTIES 
OF TIUER LA.M1.NATFS 


Pivpc'rt.N ulonlilication 

Tibor lamuiatc and diroction 


1 - -id Tr, afi' Ik' 


111 - o;f,i Ti/31‘,v lk> 



hi) 

“lU) 

ho 

“lU) 

ho 

Mutlulus, In*’ psi 



■|! 




MoasuroU 

2U.3 

30.0 


34.0 

25.5 

34.5 

Proditlod 

30. t. 

30. f> 


34.0 

33. U 

33.3 

Porc'cnl iliUercnco 

3.7 

3.7 

HI 

0 

-10.3 

-5. 1 

I’uiiisonS ratio 







.Moa^uroU 

0. 30 

0.35 

0.30 

0.37 

0.30 

0.3s 

Proillcloil 

.37 

.37 

.3s 

.30 

.30 

.30 

Porcenl ilillomicv 

35.0 

t>.0 

7.7 

7.4 

11.5 

3.0 

F raiiiirf strosj., ln^ psi 




H|H 

HI 


McuMiri'U 

ua.s 

07.U 

104. U 



103.0 

Pivilii-lfil (usinn Kq. (3)) 

ys.3 

03.3 

103.5 



lOs.O 

PiToonl ililfomico 

4.7 

37 . 0 

-1.4 


wB^ 

BBi 

Donsily. lb, in^ 


m 


H| 


■ 

Mra.-iiivil 

0. 103 


0. 117 


0.133 


Prodifli’il 

. 103 


. 110 


.125 
1 U 


Porcoiit iliUornifi- 


■BBI 

• f' 

HMIH 




“UtiUmt’ illri’i’tion. 
rail s w r si‘ ilu'i'ft ion . 
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1 MU K II. - lU l-UrPUTHi Ni'UM.MJ/.H) IIU'KUM: snu ssps 

iM mu l< I.VMIN.U I S Wiril lUlim U'MIX'SU KS .\NP MKl.M.1 


M. lit’ 1 till 

ItiU'kllM); 

piiip- 

i‘> Itiiilrii'iil ^lu'II 

h- - *1 


.*rt 

4 


EI^HVSa 

- 




I'll'n Ivtl'niK 





TiN I'l ;li», Po 


P'Jvpf' 


4 It'll 

M»' It fn* IV 





.li\ It Ti'i tv 


.Sl> 


;U.»ii 

t'llu f v-«<m|H>Mtoti 





P Al (O.oi' P\ IP 


>,'.lvpl'* 


.U.V 

P K tt>...l' KVIP 


llU 


l.uu 

r.'.. 1 n'.ci' 1 \ IP 


J.ls 


llMl 

AS K ti'.iV IMP 


.M.l 


1 l;>ii 

MilnU 





Slool 


.i.UNp’'* 


-’ll.' 

Altiimimni 


.it' r 


.’.•I'.i 

I'ltiuitum 


.St'T 




NftaliiMi. P \1 Is'K'n .iliiimmmt, P K - N-U'ii i'|h>\\ ; l'7;> I - Ihoinrl .’;i i’ih'VX; 
A.'' P - t\|>r .V Miiiiuv uiiuliiVii tonal INK - iUhm' 

toluitti- mlU'. 







Figure 1, - Schenatic of laminate lay-up am 



\ \l)ti|s|VI I’IN 

1 II \\ll'^' ri ' X ,.j 1 1 ip.^, 

1AVIW1M IWIWII 11 l\^'l\•Mtlll 


HiiiMt’.’. - lihi’t Ijiiiin.ilc spiMim’ii » ii'sN-M'i lii'Ms. 
(ninu'iiMoiis in imin's.i 









\ n < lu -I- i lu 

^ )(SOltlNC. DIKtniONi 

Fiiuirt' - INvkjI sp»>cimpn ljv-init pijn ol titvr Ijtninatps. iNt’minjI valiirs - all dimensions are m inches.' 




-SMOOTH TTNSIU 
tROUING DIRECTION! 


SINGLE ELEMENT , ^ELEMENT ROSETTE. 

\ BACK TO BACK 



NOTCH TENSILE 
IROLLING DIRECTION! 


Fiqiirp 4. * Schemdlic showimi instrumentation anil itimensions of tiber laminate specimens. 
lAll itimensk'ns are in inches, i 










1 l-WIWl! 1! [W\\\n 111 


Fiouro 0, - View of constituent jnJ til'er Ijminjte testtxl specimens (or 
tensile jnd impjct stienoths. 










